Abstract. We theoretically investigate the interaction between the conductive graphene layer with the dual-spectral electromagnetically induced transparency (EIT) metamaterial and achieve independent amplitude modulation of the transmission peaks in terahertz (THz) regime. The dual-spectral EIT resonance results from the strong near field coupling effects between the bright cut wire resonator (CWR) in the middle and two dark double-split ring resonators (DSRRs) on the two sides. By integrating monolayer graphene under the dark mode resonators, the two transmission peaks of the EIT resonance can exhibit independent amplitude modulation via shifting the Fermi level of the corresponding graphene layer. The physical mechanism of the modulation can be attributed to the variation of damping factors of the dark mode resonators arising from the tunable conductivity of graphene. This work shows great prospects in designing multiple-spectral THz functional devices with highly flexible tunability and implies promising applications in multi-channel selective switching, modulation and slow light. 
Introduction
Electromagnetic induced transparency (EIT), as a result of the destructive quantum interference between different excitation pathways, exhibits a sharp transmission window within the broad absorption band in a three-level atomic system [1] . Accompanied with the enhanced transmission, the substantial modification of the dispersion profile enables a significant reduction in the group velocity of light, which can be used in optical buffering and storage. Because the applications of the EIT are severely restricted by the material options and experimental conditions, considerable attention has been paid to metamaterial analogues of EIT in classical optical systems which mimic EIT response via near field coupling between bright and dark mode resonators in artificially tailored nanostructures [2] [3] [4] [5] [6] [7] [8] . Comparing with the EIT effect at a single resonance, the EIT metamaterial with multiple-spectral response shows the capability to manipulation light-matter interaction at multiple frequency regimes and provides new possibilities in optical information processing [9] [10] [11] [12] [13] [14] [15] [16] . In particular, the flexibilities in multiplespectral EIT metamaterial would be highly enhanced when independent and precise manipulation of the multiple resonance responses is obtained.
Recently, continuous interests have focused on the independent modulation of the multiple-spectral EIT resonance. In most of the previous reports, the independent tunability was realized by changing the geometry parameters in a passive way, which sets obstacles for flexibility in practical applications. The advent of graphene with dynamical optical and electric properties facilitates the development of the active metamaterial, especially in terahertz (THz) regime [17] [18] [19] [20] [21] [22] . With the doped and patterned processing, graphene can support the strong surface plasmon resonance, and therefore provide an excellent platform to achieve actively tunable single-and multiple-spectral EIT resonance via the controllable near field coupling effects [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . Nevertheless, both the nanofabrication and electrical tuning for these discrete graphene resonators are quite complicated, which hinders the implementation in the functional devices. On the other hand, the manipulation of the doping level of graphene would change the intrinsic resonance frequency of the graphene resonators, therefore the frequency rather than the amplitude modulation of the EIT resonance would be achieved, which is likely to introduce additional noise in the modulation. By integrating monolayer graphene with metal metamaterial arrays, some research works have demonstrated the active modulation of EIT resonance using the plasmonic response of graphene in the mid-infrared, settling the former problem to a great degree [33] [34] [35] [36] . However, these works still focused on the modulation of the resonance frequency rather than the amplitude of the EIT resonance. Most recently, the strong interaction between graphene and THz metal metamaterial has been unveiled [37] [38] [39] . Our group and Zhang's group demonstrated the function of the monolayer graphene as a conductive layer in a hybrid metal-graphene metamaterial, which can be employed for the modulation of the resonance amplitude of the single-spectral EIT resonance while maintaining the resonance frequency [40, 41] .
However, the independent and precise modulation on the resonance strength of the multiple-spectral EIT is yet to be investigated.
In this paper, we demonstrate a novel approach based on a hybrid metal-graphene metamaterial to realize the independent modulation of the dual-spectral EIT resonance amplitude at THz frequencies. In the metal structure, the strong near field coupling between a bright cut wire resonator (CWR) in the middle and two asymmetric dark double-split ring resonators (DSRRs) on the two sides gives rise to the dual-spectral EIT resonance with two distinct transmission peaks. By integrating monolayer graphene under the two DSRRs, the independently on-to-off modulation of the two transmission peaks can be obtained through shifting the Fermi level of the corresponding graphene layer. To explain the physical mechanism, we employ the classical three-oscillator model and the distributions of electric field and surface charge density. The active modulation for individual transmission peak can be attributed to the increasing damping factors of the dark DSRRs arising from the conductive effect of graphene layer during corresponding modulation process.
The geometric structure and numerical model
The schematic of the hybrid metal-graphene metamaterial is depicted in Figure 1 . In this structure, the classical elements including CWR and DSRRs are periodically patterned on the dielectric substrate, and the monolayer graphene is positioned under the bottom of the DSRRs. The CWR and the DSRRs are both made of aluminum (Al) with a thickness of 200 nm, and the common silicon (Si) is adopted for the dielectric substrate.
The periods of the unit cell in the x and y directions are P x = 200 µm and P y = 120 µm, respectively. The CWR is located in the middle of the unit cell with the length of H = 100 µm and the width of W = 8 µm. To explore the EIT resonance characteristics of the proposed hybrid metamaterial, the optical response and field distributions are numerically calculated based on the finite difference time domain (FDTD) method. The plane waves are normally incident onto the metamaterial structure along the −z direction and the electronic field is along the y direction, as shown in Figure 1 (a). In simulations, the refractive index of the Si substrate is taken as n Si = 3.42 and it is assumed to be semi-infinite. The frequency-dependent permittivity of Al is calculated by the Drude model
where ε ∞ is the dielectric constant at the infinite frequency, w p is the plasmon frequency, γ is the damping constant, ω is the angular frequency of the incident light. Here the parameter values of ε ∞ = 3.7, ω p = 2.24 × 10 16 rad/s and γ = 1.22 × 10 14 rad/s are adopted for the simulations [42] . The conductivity of graphene is dominated by the contribution of the intraband process in THz regime, and can be derived by the Drude-like model [43, 44] 
where e is the electron charge, E F is the Fermi level of graphene,h is the reduced Planck constant, τ is the carrier relaxation time. The parameter τ is dependent on the carrier mobility µ, the Fermi level E F and the Fermi velocity v F , i.e., τ = (µE F )/(ev 2 F ) [45, 46] . The values of µ = 3000 cm 2 /V·s and v F = 1.1 × 10 6 m/s from experimental measurements are adopted in the simulations [47, 48] . As Eq. (2) shows, a continuous tunable surface conductivity of graphene can be obtained by shifting the Fermi level, on the basis of which the actively tunable EIT resonance can be realized in the proposed hybrid metamaterial.
Simulation results and discussions
To analyze the coupling effects between the CWR and the two DSRRs in the Al-based metamaterial, the optical properties of the CWR array, DSRR1 array, DSRR2 array and the combined structure array are simulated and their transmission spectra are depicted in Figure 2 . When the electric field of the incident plane waves is along the y direction,
i.e. parallel to the CWR, the isolated CWR array is directly excited and acts as a can be observed by the orange curve in Figure 2 .
Next we discuss the independently tunable dual-spectral EIT resonance of the hybrid metamaterial without varying the geometry parameters. In the case without graphene, the two distinct transmission peaks with the resonance amplitude of 99.67% is derived as [12] 
where A is provided by
In the two equations, (ω b , γ b ), (ω d1 , γ d1 ) and (ω d2 , γ d2 ) are the resonance frequencies and damping factors of oscillators b, d1 and d2, respectively. κ d1 and κ d2 are the coupling coefficients between the oscillators b and d1 and between b and d2, respectively.
With the relation between transmission amplitude T and the energy dissipation P , i.e., T = 1 − P , the simulated transmission spectra can be analytically fitted using Eq. (3).
The theoretical fitting results are depicted in Figure 3 For the active modulation of transmission peak I of the dual-spectral EIT resonance, the fitting parameters including γ b , γ d1 , γ d2 , κ d1 and κ d2 as the function of the Fermi level of graphene are presented in Figure 5 (a). During the modulation process, γ b , γ d2 , κ d1 and κ d2 remain roughly constant with the increasing Fermi level, while the damping factor γ d1 of the dark DSRR1 shows a significant increase by more than two orders of magnitude from 0.001 to 0.9 THz. Thus, the actively tunable transmission peak I of the dual-spectral EIT resonance is caused by the variation of the damping factor γ d1 of the dark DSRR1. In the proposed hybrid metamaterial, the monolayer graphene functions as a conductive layer and bridges the split gap of the DSRR1. With the increasing surface conductivity due to the larger Fermi level, the losses in the dark DSRR1 are greatly enhanced and then the near field coupling effect between the bright CWR and the dark DSRR1 is weakened. Finally, when the Fermi level reaches 1.00 eV, the losses in DSRR1 are too large such that the coupling effect cannot be sustained, leading to the switch-off of the transmission peak I. In Figure 5 (b), the fitting parameter values dependent on the Fermi level are provided for the modulation of transmission peak II.
It is observed that the parameters γ b , γ d1 , κ d1 and κ d2 stay basically constant while the damping factor γ d2 of dark DSRR2 increases from 0.011 to 0.41 THz in the modulation process. The similar conclusion can be drawn that the tunable transmission peak II is attributed to the change in γ d2 . This phenomenon can be explained by the same mechanism that the monolayer graphene with increasing surface conductivity induces the reduction of the coupling effect between the bright CWR and the dark DSRR2, and leads to the final disappearance of the transmission peak II.
To further understand the physical mechanism of the active modulation, the distributions of electric field and surface charge density at the resonance frequencies of the transmission peak I and II are investigated. Consequently, the physical origin of the independently active modulation on the dualspectral EIT resonance strength essentially comes from the tunable conductivity of the monolayer graphene positioned under the two dark DSRRs.
Conclusion
In conclusion, we have provided an approach to achieve the modulation of dual-spectral 
